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ABSTRACT Establishing diagnosis of latent and active histoplasmosis is challenging.
Interferon gamma-release assays (IGRAs) may provide evidence of latent and active infection.
An enzyme-linked immunospot (ELISpot) assay was developed using yeast cell lysate (YCL)
antigen prepared from a representative North American Histoplasma capsulatum strain. Assay
parameters were optimized by measuring responses in healthy volunteers with and without
Histoplasma infection. Assay performance as an aid for diagnosing histoplasmosis was
assessed in a prospective cohort of 88 people with suspected or confirmed infection, and
44 healthy controls enrolled in two centers in North America (2013 to 2018). Antigen
specificity of IFN-g release was demonstrated using ELISpot and enzyme-linked immu-
nosorbent assay (ELISA). Antigen-evoked, single-cell mRNA expression by memory T cells
was shown using flow cytometry. The area under the receiver operating characteristic
curve (AUC) was estimated at 0.89 (95% confidence interval [CI]: 78.5% to 99.9%). At
optimal cutoff, sensitivity was 77.2% (95% CI: 54.6% to 92.2%) and specificity was 100%
(95% CI: 89.7% to 100%). Sixteen of 44 healthy volunteers (36.4%) from a region of hyper-
endemicity had positive responses, suggesting detection of previously unrecognized (latent)
infection. The ELISpot assay is sensitive and specific as an aid to diagnose H. capsulatum
infection and disease, supporting proof of concept and further development.

KEYWORDS histoplasmosis, diagnosis, IGRA, interferon gamma release, histoplasma,
immunodiagnostics

H istoplasma capsulatum is a soilborne fungus with worldwide distribution in regions of
hyperendemicity in the Americas, Asia, and Africa (1, 2). Exposure occurs via inhalation

of aerosolized microconidia, which are ingested by resident and recruited phagocytes; in
vivo, conidia convert to a yeast that maintains intracellular viability in local lymph nodes and
reticuloendothelial organs (3). Most people resolve early pulmonary symptoms, developing
effective interferon gamma (IFN-g)-dependent Th1 cellular immunity which promotes asymp-
tomatic latent infection and granulomatous inflammation (4). Pneumonia can become chronic,
manifesting as pulmonary blebs, cavities, and bronchiolitis, and can be confused with other
infections and emphysema (4). Histoplasmosis also presents after dissemination beyond the
lungs, typically with insidious symptoms (e.g., fever, weight loss) and/or disease involving virtu-
ally any organ, including the central nervous system (CNS), gastrointestinal tract, and skin (5).
These syndromes, collectively called “progressive disseminated histoplasmosis” (PDH), are most
frequently uncovered in people who have age-related senescence or biological immunosup-
pression administered for cancer, autoimmunity, or transplantation (5, 6). Diagnostic test per-
formance is variable according to clinical manifestation and timing relative to infection (7).
Culture and histopathology are insensitive for all manifestations. Antigen yield is highest with
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disseminated disease, especially in severely immunosuppressed people, and lowest in subacute
pulmonary disease (7, 8). Despite dissemination, PDH can also be characterized by relatively
low fungal burdens, especially in people without severe immunosuppression, making diagnosis
by culture and antigen less sensitive (9–11).

Antibody assays supplement the use of antigen assays and are useful for detecting
both active and latent disease. However, performance is variable based on time after
acute infection, methods used, and immunosuppression. After Histoplasma infection,
antibody levels typically become detectable within 3 to 6 weeks of acute infection and
then decline to undetectable within 1 to 3 years in the absence of recurrent exposure
(9, 10). Only about 1/4 of asymptomatic people have low-level antibodies detectable in
regions of endemicity, dependent on recurrent exposures, testing methods, and population
immunocompetence (9, 10). Predictably, serologic sensitivity is low in people with severe
immunosuppression, as well as in those with advanced HIV or organ transplantation (9, 12).
Serologic testing can contribute to antigen and culture-based testing, especially for subacute
and chronic disease in relatively immunocompetent people, supporting current recommenda-
tions to perform broad antigen and serologic testing when histoplasmosis is considered (9,
13–15). However, low sensitivity and limited duration of positivity limits the diagnostic utility
of serology, either as an aid to diagnose active histoplasmosis or to rule out histoplasmosis in
distinguishing potentially ‘benign’ processes, such as mediastinal masses (12, 16).

Unlike for tuberculosis (TB), no skin tests to measure hypersensitivity are commercially
available; diagnosis of latent histoplasmosis is unreliable (10). Because chronic disease also
presents with atypical, inflammatory, nonpulmonary manifestations, these cases frequently
become apparent incidentally, with significant diagnostic delay (17). Recent reports have
recognized that clinical manifestations of PDH, including fever, hepatosplenomegaly, pul-
monary lesions, and pancytopenia, overlap with those of other infections (especially TB),
focusing their attention on delayed diagnosis and poor outcomes; a study by the Centers
for Disease Control (CDC) associated diagnosis delays of .6 weeks with poor outcomes
(17). Reactivation during immunosuppression as ‘surprise diagnoses’ have been reported
in diverse underlying conditions, including presumed autoimmune or inflammatory syn-
dromes (e.g., inflammatory bowel disease, hemophagocytic lymphohistiocytosis), sarcoido-
sis, chronic lung disease, pulmonary nodules, and recently, COVID-19 (6, 17–19).

We hypothesized that relative preservation of central memory T cell responses might sup-
port the potential utility of T cell-assisted diagnostics for latent and active histoplasmosis, as
with serology. Documentation of antigen-specific memory T cells could facilitate differential di-
agnosis and detection of latent infection, functioning similarly to current interferon-gamma
release assays (IGRA) used for tuberculosis. To this end, we developed an enzyme-linked
immunospot (ELISpot) assay, which we call “histoSPOT.” Here, we describe validation studies
using healthy donors and proof of concept of histoSPOT as an aid to diagnose histoplasmosis
in people enrolled at two North American medical centers.

MATERIALS ANDMETHODS
Feasibility and proof of concept study design. Feasibility testing was first performed on one healthy

donor with a known history of latent histoplasmosis; responses from this donor were measured to com-
pare responses to different H. capsulatum strain antigen concentrations and exposure times and peripheral
blood mononuclear cell concentrations (PBMC), as well as to determine reproducibility in one subject over
time. This adult, immunocompetent, asymptomatic volunteer was infected with H. capsulatum in adoles-
cence, with nodules and calcifications persisting on pulmonary imaging. Another asymptomatic, immuno-
competent volunteer treated for PDH provided blood for confirmatory testing and to validate responses
using intracellular cytokine staining.

After testing these immunocompetent volunteers, wemeasured responses in a cohort of immunosuppressed
people with suspected or confirmed acute and chronic histoplasmosis enrolled at Johns Hopkins University (JHU,
Baltimore, MD), and in healthy people residing in a region of endemicity at Vanderbilt University (VAN; Nashville,
TN, Fig. 1). Studies were approved by respective Institutional Review Boards and subjects consented to single or
sequential blood collection. Clinical data were collected, and diagnoses were adjudicated by clinicians blinded to
histoSPOT results. No disease, or ‘possible,’ ‘probable,’ and ‘proven’ histoplasmosis, were defined using modifica-
tions of the definitions recommended by the European Organization for Research and Treatment of Cancer/
Mycoses Study Group (EORTC/MSG) (20). Proven histoplasmosis disease was defined as signs and symptoms
with culture or histopathology. Probable histoplasmosis disease was defined as signs and symptoms with positiv-
ity of commercial antigen test (blood and/or urine); positive antibody titers of $1:8 were accepted as evidence
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for probable histoplasmosis, as in recent CDC surveillance efforts (21). Possible histoplasmosis disease included
clinical signs and symptoms without microbiologic confirmation by any of the above-described tests.
Asymptomatic, healthy controls with documented prior histoplasmosis using CDC criteria were considered to
have “proven” latent histoplasmosis (21); asymptomatic people with known endemic exposure and history of pul-
monary disease and documented pulmonary residua, with or without measurable antibodies, were considered
to have “probable” latent histoplasmosis. All others, including people with alternative diagnoses, were considered
“controls.” HistoSPOT assays were performed and interpreted by personnel unaware of clinical designations.

Histoplasma yeast cell lysate antigen. Yeast cell lysate (YCL) antigens were prepared using North
American H. capsulatum strain G217B, representing chemotype NAm2, now called H. ohiensis; and G168A, repre-
senting Nam1, now called H. mississippiensis (22). Yeasts were grown to yeast phase in supplemented Ham’s F12;
yeast cells were pelleted, and lysate was produced by shearing under liquid nitrogen. Yeast cell lysates were
diluted in phosphate-buffered saline (PBS) with phosphatase inhibitor cocktail, stored in aliquots at 280°C, and
0.22-mm filter-sterilized prior to use. Protein concentrations were measured with a bicinchoninic acid assay
(Pierce/Thermo Fisher Scientific).

Interferon-gamma release assays. Blood drawn from healthy, asymptomatic volunteers and people
with suspected or confirmed histoplasmosis was processed to peripheral blood mononuclear blood cells
(PBMCs) using Lymphocyte Separation Medium (Lonza), within 2 h of blood draw. Blood drawn from dis-
tant sites (Tennessee) was transported by overnight transport to enable PBMC processing within 12 to
24 h. PBMCs were either stored frozen in liquid nitrogen and thawed prior to use or tested immediately
after preparation; each run included mitogen-containing controls to ensure validity, as detailed below.

Two healthy volunteers with known latent pulmonary histoplasmosis provided blood samples to develop
and optimize assay parameters. IFN-g secretion was measured by enzyme-linked immunosorbent assay (ELISA)
and ELISpot after co-incubating PBMCs with antigen (10mg/mL YCL) or mitogen (2.5mg/mL phytohemaggluti-
nin [PHA], Sigma) in complete culture medium (RPMI 1640 with 10% vol/vol heat-inactivated fetal bovine

FIG 1 STARD flow diagram of subject enrollment and adjudicated diagnoses. IFI, invasive fungal infection.

IGRA for Histoplasmosis Journal of Clinical Microbiology

October 2022 Volume 60 Issue 10 10.1128/jcm.01128-22 3

https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.01128-22


serum; Mediatech/Corning) for 48 h. ELISAs were performed with IFN-g ELISA kits (Invitrogen/Thermo Fisher).
ELISpot assays were performed using the Human IFN-g ELISPOTPRO assay kit with alkaline phosphatase (ALP)-
conjugated detection antibody (Mabtech). Spot-forming units (SFU) were analyzed and counted with a
BioReader 4000 Pro-X with BIOSYS software (BioSys GmBh, Karben, Germany). Control wells containing no anti-
gen (negative control) and mitogen (positive control) were included with every run.

Intracellular cytokine staining by FISH-Flow. Cytokine mRNA production by T cells was measured
using flow-cytometry (“FISH-Flow”), as previously described (23). PBMCs from cases and controls were
stimulated in complete culture medium supplemented with co-stimulatory anti-CD28 and CD49d MAbs
(monoclonal antibodies; all Abs from BD Biosciences) alone (control) or 10 mg/mL YCL. mRNA targets
were measured after 6-h stimulation. After incubation, PBMCs were phenotyped with anti-CD3-FITC (flu-
orescein isothiocyanate) and anti-CD45RO-PE MAbs on ice. Immunostained cells were fixed and perme-
abilized and hybridized with custom Cy5-labeled single molecule-FISH probe sets against cytokine and
chemokine mRNAs (LGC Biosearch Technologies) as previously described (23). CD32 and CD31 cells
were gated using SSC-A and FITC channel, and the PE channel on the CD31 population was used to
gate CD45RO1 T cells. A total of 200,000 events per sample were analyzed.

Analyses. Results are represented quantitatively as mean antigen (Ag)-specific spot-forming units
(SFU) per 105 PBMC, with subtraction of background control (No Ag) wells (Adjusted Spot Counts, ASC).
Individual group comparisons of central tendencies were done by Student’s t test (mean) or Mann-Whitney
U test (median) as appropriate; multiple comparisons of group means were done by one-way (for single vari-
able) or two-way (for dual variables) analysis of variance (ANOVA) with Tukey’s post hoc test. All statistical
analyses, including Receiver Operator Characteristic (ROC) curves, sensitivity, specificity, and likelihood ratios,
were performed using GraphPad Prism v9.4.1 for Windows (GraphPad Software, La Jolla, CA). Clinical per-
formance (sensitivity, specificity, positive and negative predictive values) of HistoSPOT in the overall cohort
was calculated with MedCalc (v.20.114).

RESULTS
Assay development. In development, responses were measured after varying antigen,

PBMC concentrations, and incubation timing. ELISA was performed to first establish whether
IFN-g was secreted in response to H. capsulatum YCL from strain G217B, using PBMC from
one volunteer known to be infected (Fig. 2A). Results demonstrated IFN-g secretion in
response to YCL, but with lower yield at high concentration. Yeast cell lysate at 10 mg/mL
produced sustained and time-graded IFN-g secretion over 24 and 48 h (adjusted P , 0.038
compared to 6 h, two-way ANOVA with Tukey’s test). Further experiments were performed
using 10mg/mL YCL, which produced higher IFN-g levels compared to No Ag at 24 and 48 h
(P , 0.014, one-way ANOVA with Tukey’s test). With a 48-h exposure of PBMCs to 10 mg/mL
YCL, the spot-forming units (SFU) were optimal with inputs of both 105 and 2 � 105 PBMCs.
Considering that PBMC counts are probably limited in immunosuppressed people, the lower
count of 1 � 105 PBMCs per well was chosen as the input for HistoSPOT (Fig. 2B). Figure 2C
demonstrates clear and quantifiable SFU using these conditions with PBMC from the same
healthy volunteer with known infection. ELISpot responses were compared using YCL pre-
pared from both North American strains (G217B and G186A) in 21 subjects with proven/prob-
able/possible histoplasmosis enrolled at JHU, revealing some quantitative differences (Fig. 2D);
for each subject, a G186A response corresponded with a G217B response, but with lower
mean spot counts (SFU 36 versus 21, respectively; P , 0.017, paired t test). Further studies
used YCL from G217B, representative of NAm2, the most prevalent strain in North America
(22). Based on these studies, subsequent assays were performed using 105 PBMCs per well,
provided mitogen responses were adequate (as detailed below), with 48 h of antigen expo-
sure prior to spot development. The stability of responses over time was measured in one
healthy volunteer who provided multiple blood draws over a 4-year period; in this subject,
IFN-g spots were consistently present, but quantitatively variable (Fig. 2E).

To validate the results of ELISpot and ELISA, both of which measure secreted protein,
IFN-gmRNA was measured using intracellular staining with flow cytometry (FISH-Flow) (23).
Responses from the same representative healthy (previously infected) volunteer (Case 1), an
otherwise healthy patient previously treated for PDH (Case 2), and a healthy (uninfected)
control are shown in Fig. 3A. Frequency estimates for numerous cytokine mRNAs are sum-
marized in the table (Fig. 3B). Histoplasma YCL antigen stimulation induced pro-inflamma-
tory cytokine responses with IFN-g and tumor necrosis factor alpha (TNF-a) in both cases,
but not in the uninfected control. Both cases also had modest increases in interleukin (IL)-2
and IL-17; YCL antigen also stimulated mRNA for IL-2 in the healthy noninfected control.
CD31 subset profiles were measured from Case 2, who had been treated for PDH within the
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past year. In this case, YCL antigen-reactive T cells expressing IFN-g, IL-2, TNF-a, and IL-17A,
analyzed by FISH-Flow, were clearly within the memory CD31CD45RO1 subset; the latter
accounting for 55% to 85% of the observed reactivity (data not shown).

Proof-of-concept testing and performance characteristics. Demographics and
clinical characteristics of subjects approached and enrolled in the study are summarized
in Table 1. The age range was wide, and enrollment represented varied geographic expo-
sures. Underlying diseases reflected varied conditions, including none recognized.
Histoplasmosis was the most common adjudicated diagnosis from the episode that
triggered subject enrollment.

FIG 2 Optimizations of assay conditions. (A) Interferon (IFN)-g (measured by enzyme-linked immunosorbent assay [ELISA], mean of 4 replicate wells from 2
independent assays) secreted in response to different antigen or mitogen concentrations at different incubation times by peripheral blood mononuclear
cells PBMCs from one healthy volunteer case. (B) Quantitative histoSPOT responses measured using different PBMC inputs and antigen exposure times,
using PBMCs from the same healthy volunteer in three different experiments. (C) Representative IFN-g spot appearance in histoSPOT wells in response to
G217B YCL and phytohemagglutinin (PHA) mitogen. (D) histoSPOT responses in 21 subjects with proven/probable/possible histoplasmosis, comparing two
North American strains; *, P , 0.017; paired t test. Dotted line represents ASC 4, the cutoff ASC for G217B YCL. (E) HistoSPOT responses of one subject
tested over 4 years. *, P , 0.001; Mann-Whitney U test.
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Fig. 4A and B show frequency histograms for positive (PHA) and negative (no-antigen)
controls from within the JHU cohort. Responses show appropriate skewing. With this distri-
bution, the lower limit to accept a positive control was established at 200 SFU, and the highest
limit to accept a negative control was set at 30 SFU.

Spot responses from 79 subjects enrolled at JHU with proven (n = 13), probable (n = 9),
and possible (n = 23) histoplasmosis, and 34 controls, were used to draw ROC curves (Fig. 5).
Thirteen subjects with indeterminate SFU responses (based on limits above) were excluded
from analyses. Figure 5A depicts a case as proven or probable histoplasmosis and Fig. 5B
includes suspected infection (possible) in the case definition. ROC curves showed good
predictability, with an estimated AUC of 0.89. Likelihood ratios were maximal ($26.2) using the
cutoff of 4 ASC, where the sensitivity was 77.3% (95% confidence interval [CI]: 54.6% to 92.2%)
and specificity was 100% (95% CI: 89.7% to 100%). Inclusion of suspected histoplasmosis as a

FIG 3 Cytokine mRNA production after antigen (or no-antigen control) using FISH-Flow. (A) Representative flow cytometric distribution of IFN-g mRNA
producing CD31 T cells from one healthy control and two histoplasmosis cases. Case 1 is the same healthy case shown in Fig. 2; Case 2 is a recently diagnosed and
treated, otherwise healthy man with progressive disseminated histoplasmosis (PDH). (B) Frequency of cells expressing IFN-g, IL-2, tumor necrosis factor alpha (TNF-a),
and IL-17 mRNAs after control and Ag exposure from healthy control, cases 1 and 2. Data are expressed as % of total events captured in gate and are extracted
from 1 experiment representative of 2 performed.
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case (Fig. 5B) predictably decreased the AUC (0.82), reducing sensitivity to 64.4% (95% CI:
48.8% to 78.1%) with no change in specificity. The cohort also included 24 subjects who were
confirmed to have other invasive fungal infections (cryptococcosis, aspergillosis, and pneumo-
cystosis); no false-positives occurred using the cutoff of 4 ASC. Correlating positive and negative

TABLE 1 Demographics and clinical characteristics of study subjects (n = 88)a

Characteristic N (%)b

Gender (male)c 55 (64.7)
Age (yrs), median (range)c 54 (9–91)

Racec

White 68 (80)
Black/African-American 11 (12.9)
Asian 6 (7.1)

Hispanic ethnicityc 6 (7.1)

Region of endemicity
Southeast U.S. 48 (54.5)
Northeast U.S. 16 (18.2)
Midwest U.S. 5 (5.7)
Rocky Mountain U.S. 1 (1.1)
Southwest U.S. 1 (1.1)
Central or South America 9 (10.2)
Unknown 8 (9.1)

Underlying conditiond

Hematological malignancy 22 (25)
Solid organ transplant 20 (22.7)
Autoimmune/immunologic 11 (12.9)
HIV/AIDS 4 (4.5)
Solid tumor 4 (4.5)
Pulmonary disease 4 (4.5)
None 20 (23.5)
Other 3 (3.5)

Absolute lymphocyte count, median (range)c 690 (0–6,470)

Diagnosise

Histoplasmosis, proven 14
Histoplasmosis, probable 23
Histoplasmosis, possible 14
Aspergillosis, proven or probable 8
Cryptococcosis, proven 1
Possible IFI, NOS 10
No IFI, other 15
Mixed infections 3

Histoplasmosis classification
Subacute pulmonary 12
Progressive disseminated 21
Chronic pulmonary 8
Latent 7

aIFI, invasive fungal infection.
bData are given as n (%) unless otherwise specified.
cExcludes data from 3 subjects for whom demographic information was unavailable.
dAutoimmune/immunologic conditions include rheumatoid arthritis (n = 1), idiopathic CD4 lymphopenia (n = 1),
common variable immunodeficiency (n = 1), mixed connective tissue disorder (n = 1), myasthenia gravis (n = 1),
and pauci-immune crescentic glomerulonephritis (n = 1). Solid organ transplant includes kidney (n = 10), liver
(n = 5), lung (n = 2), heart (n = 2), and mixed kidney/liver (n = 1). Pulmonary disease includes asthma (n = 1),
bronchiectasis (n = 1), cystic fibrosis (n = 1), and sarcoidosis (n = 1). Other includes Ehlers Danlos syndrome
(n = 1), end-stage liver disease (n = 1), and congenital heart disease (n = 1).

eNo IFI, other adjudicated diagnoses include: no definitive diagnosis (n = 4), allergic bronchopulmonary
aspergillosis (n = 1), hemophagocytic lymphohistiocytosis (n = 1), probable sarcoidosis (n = 2), cytomegalovirus
disease (n = 1), Helicobacter pylori infection (n = 1), Chikungunya virus infection (n = 1), meningoencephalitis
NOS (n = 1), bacterial sepsis (n = 2), and nocardiosis (n = 1). Mixed infections include possible mixed IFI1
mycobacterial infection (n = 2) and mixed cryptococcosis1 histoplasmosis (n = 1).
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predictive values (PPV, NPV) are variable as predicted by pre-test probability of disease.
Assuming pre-test probability ranging from 20% to 60% in regions of low and high
endemicity, PPV would be at 100% and NPV would vary from 74.6% (95% CI: 57.6%
to 86.4%, at 60% pre-test probability) to 94.6% (95% CI: 89.1% to 97.4%, at 20% pre-test
probability).

Assay results were analyzed separately in 44 healthy controls enrolled at VAN in
Tennessee, a region of high endemicity. Sixteen (36.4%) healthy controls from Tennessee
had positive responses at the cutoff of 4 ASC, suggesting unrecognized, latent infection.
The composite performance using data from all subjects with suspected and confirmed
infection and healthy controls residing in different regions of endemicity (JHU and VAN)
using the ROC-derived cutoff of 4 SFU was 80% (95% CI: 59.3% to 83.2%) sensitivity and
79.3% (95% CI: 68.5% to 87.6%) specificity.

FIG 4 Frequency histograms of spot-forming units (SFUs) in control enzyme-linked immunospot (ELISpot) wells
containing mitogen (PHA, 2.5 mg/mL) (A) and no antigen (B). Assay acceptance cutoffs of PHA $ 200 SFUs and No
Antigen #30 SFUs based on the frequencies were incorporated into the assay algorithm.
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Representative proven or probable histoplasmosis cases. Representative cases
provide additional information on potential utility of histoSPOT as an aid for diagnosing differ-
ent forms of histoplasmosis. Table 2 summarizes results among cases with proven and proba-
ble histoplasmosis, with several subjects having multiple tests performed over time. Although
YCL-specific spot counts are seen in many cases with proven disease, negative results are
apparent in some patients, especially those with severe immunosuppression. Serial sampling
showed responses that increased over time and with successful treatment. An illustrative case
is Subject 8, a man from El Salvador who underwent haploidentical bone marrow transplant
(BMT) and shortly afterward developed pulmonary nodules with fever and fungal markers sug-
gestive of an invasive fungal infection. At the time of first sampling, his histoSPOT assay result
was indeterminate with a low (,200 SFU) mitogen response. Follow-up testing after 4 months
of antifungal treatment showed positive results. His brother, who was his stem cell donor, also
had a positive histoSPOT result, potentially consistent with shared geographic exposure from

FIG 5 Receiver operator characteristics (ROC) curves drawn from subjects in the Johns Hopkins University (JHU) cohort, with case definitions including either
Proven/Probable infection (A) or Proven/Probable and Suspected Histoplasma infection (B). Spot distributions and computed performance values based on different
cutoffs are as shown.
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a region of high endemicity. The observation of increased spot count over time could also be
consistent with transferred cellular immunity. Similar conversion from indeterminate to posi-
tive results following treatment were seen in multiple other subjects.

DISCUSSION

Histoplasmosis has been increasingly reported in the United States, especially in
people with biological immunosuppression (17, 24, 25). The organism is difficult to cul-
ture, and fungal burden is variable to low, dependent on the host and disease state
(26–28). We hypothesized that an IGRA could help to diagnose latent H. capsulatum
infection and risk-stratify in the setting of active disease, especially in people with rela-
tively preserved cellular immunity; results from two cohorts living in different areas of
endemicity in the United States demonstrate proof of concept for an IGRA that uses
sensitive and quantitative ELISpot technology.

The clinical presentations of histoplasmosis can be varied, extending well beyond the
classic pulmonary syndrome to include fever of unknown origin, gastrointestinal and mouth
lesions, granulomatous hepatitis, duodenitis, migratory arthritis, vasculitic skin rashes, and
CNS disease, to name a few (25, 29–39). Frequently, these manifestations are not recognized
as histoplasmosis, leading to diagnostic delay and misdiagnoses. Infection can evolve and
present with subacute or chronic symptomatology, especially in elderly patients and those
with immunosuppression caused by biological therapies (e.g., transplant, autoimmune dis-
ease, and cancer) (6, 40). Establishing a diagnosis of histoplasmosis in varied settings can be
challenging, both in regions of endemicity and regions of non-endemicity. One US study
reported that only 33% of diagnoses were supported with lab tests (17). Antigen tests have
low sensitivity with subacute syndromes, estimated at 30% in a recent review (7, 9, 11). In a
large cohort of HIV-infected patients prospectively enrolled in Brazil, the sensitivity of urine
antigen testing was estimated at only 71% (11). Latent infection is difficult to detect; unlike
for TB, no skin tests to measure hypersensitivity exist, and antibody detection is insensitive
and temporal, with levels waning to undetectable within a few years after infection (10).
Given the limitations of both antigen and antibody testing, the current recommendation is
to test both antigen and antibody in settings of suspected disease (41), with antibody
responses assisting in evaluation of relative risks as evidence of prior (latent) infection. IGRAs
can be a useful diagnostic adjunct, providing similar diagnostic risk stratification based on
immunoreactivity and, potentially, to minimize false diagnoses conferred by antigen cross-
reactivity (7). Support for this was demonstrated using ELISA to detect latent infection in
healthy people residing in Colombia, with crude yeast and mycelial antigen preparations
stimulating IFN-g production (42).

In this study, the histoSPOT assay was 78% sensitive and 100% specific as an aid
for diagnosing histoplasmosis in people with suspected active disease. While this
is not evidence of definitive disease (as with culture or histopathology), recogni-
tion of prior infection can assist differential diagnosis in disease states which are
characterized by low fungal burden and low likelihood of culture recovery (17, 24).
Evaluation of cases suggests that sensitivity may be suppressed with immunosup-
pression, especially low lymphocyte counts. As with other IGRAs, interpretation of
results requires consideration of pre-test probability of disease, a complex function
of host immunosuppression, geographic exposure, and clinical presentation. With
the performance observed, modeled negative and positive predictive values were
high.

TB presents a framework for diagnosing infections that react after latency. Similar to
measuring antibody responses, probing the T cell repertoire serves as a useful adjunctive
diagnostic; only people infected with the pathogen harbor T cells reactive to specific
antigens. We showed proof of concept for an ELISpot assay measuring T cell responses
to Histoplasma antigen. Intracellular cytokine staining using FISH-Flow, which has been
used to measure reactive T cell populations for M. tuberculosis (23, 43), document IFN-g
production at the mRNA level, corresponding to protein expression by ELISA and ELISpot.
These data support the conclusion that Ag-specific cytokine secretion represents Ag-specific
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T-memory responses (44). Two cases examined by FISH-Flow show antigen-specific stimula-
tion of a memory T cell population consistent with Th1 protective immunity after primary
infection (45). Prominent Ag-specific TNF-a and IL-17 responses were also observed
in a case subject who was 1 year after treatment of subacute disease, consistent
with previous characterizations of protective immunity (46–48). Noninfected con-
trols did not produce IFN-g, consistent with a lack of reactive Ag-specific T cell popu-
lations; increased IL-2 production by control T cells (2-fold) is less robust than that in
the case with documented infection (4-fold) and is likely to represent nonspecific
stimulation of responding cells by polysaccharides present within the crude antigen
preparation.

There are several limitations to these data. Although standardized definitions
were used, it is difficult to identify ‘true controls’ because the organism is endemic in
a large swath of American geography and infection can be asymptomatic, self-lim-
ited, and undocumented in healthy people. Histoplasmosis causes a wide variety of
clinical manifestations and, as in serology, assay responses are likely to vary accord-
ing to syndrome and timing relative to infection. This assay used a crude antigen
preparation prepared from whole yeast extract, thus containing both inflammatory
polysaccharides (b-glucan) and fungal proteins. Although we saw only small differen-
ces in paired responses in the small number of subjects studied, strain choice may be
important, as North American species differ in both glucan composition and gene
expression, potentially conferring specificity toward autochthonous responses (49,
50). Further studies will be necessary to optimize antigen preparation and under-
stand the amount of cross-reactivity conferred by other endemic mycoses, especially given
the limited geographic variability represented in this proof-of-concept study. Development
of recombinant antigen preparations may assist both sensitivity and specificity of IGRAs for
endemic fungal infections.

When performance was calculated using the entire cohort of people, which
included healthy volunteers, in a region of hyperendemicity, specificity decreased to
79%. This likely represents unrecognized latent infection among healthy people,
although other causes of false positivity, including antigen cross-reactivity, cannot
be ruled out. Adapting this test for evaluation of latent infection may enable more
accurate screening to prevent histoplasmosis disease reactivation after immunosup-
pressive biological therapies and/or to inform diagnostic differentials. Two studies
have shown that recognition of latent histoplasmosis by integration of serologic
testing in diagnostic algorithm of pulmonary nodules enable fewer unnecessary sur-
geries in regions of endemicity (51, 52). Because the geographical distribution of
this organism has spread beyond classic areas of exposure in North America (17, 24),
ELISpot technology may also prove valuable in reassessing the global epidemiology
of Histoplasma infection.
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